Abstract. Our comparative studies suggest that the length of myofibers in tetrapods is subject to an unappreciated degree of variability. Many mammalian strap muscles are composed of short, overlapping myofibers. This arrangement and its associated distribution pattern of motor endplates (neural control) appear to be general in birds and widespread in other tetrapods. Contrariwise, most muscles of primates appear to be composed of long myofibers. The implications of this variation for studies of development, neuromuscular control, and muscle function are largely unexplored.
Recent studies of muscle architecture have produced data concerning myofiber length that in some ways appear contradictory. The data are further confused by conflicting statements in the literature. Textbooks ~-3 often directly state or strongly imply that the myofibers of paralM-fibered strap muscles in vertebrates run the full length of the muscle. However, there is an extensive physiological, neurological, and anatomical literature, dating back more than a century, that indicates that the myofibers of some mammalian strap muscles do not traverse the muscle, or even its fascicles. Rather, the myofibers are short, serially arranged fibers that overlap broadly. The intrafascicular ends of these fibers are tapered for about 30 % of the fiber's length ~-12 The axons of motor neurons innervating these myofibers branch to cells in each level or tier of the series. Motor endplates (meps) occur in zones or bands oriented perpendicularly to the columns of cells. These bands are revealed by staining for the acetylcholinesterase present in the endplates. Although the existence of serially arranged muscles containing short fibers is well documented, many investigators appear to be unaware of the phenomenon. Hence, from time-to-time it is 'rediscovered'. A recent revival9 spurred a series of investigations that together have shown that: 1) Serially arranged fibers are generally missing in species of mammals in which strap muscles are 3 cm or less. 2) Myofibers in strap muscles of the hind leg of many medium-sized (cat 9'13, goat11,13, pig14) to large (cattle 14, giraffe and hippopotamus, pers, comm.) mammals are serially arranged, as are those of the thigh muscles of chickens 12.
3) The number and relative spacing of mep bands in any given muscle is established at birth 11,14-16.4) There are no specialized junctions between myofibers, but cells are bound together by a complex weave of collagen fibers. When a cell contracts, the tension generated is dispersed to and through both the collagen fibers and adjacent, non-contracting cells. The transfer of tension from contracting to non-contracting cells is aided by complex changes in the shape of the contracting cell. These changes help maintain a constant surface area 17. Therefore, misunderstandings may result if a muscle is thought of as a scaled up sarcomere or as a series of sarcomeres with direct, linear transmission of tension along the series. Most vertebrate twitch fibers are singly innervated 8, 18 If all cells extend the length of the muscle, and if all are innervated centrally, then one would expect to see a single band of meps more-or-less at the midlength of the muscle. Such a pattern is common in the strap muscles of many small mammals and in primates of all sizes. The presence of many mep bands along the length of a muscle might be explained by either of two possibilities. Long cells might be innervated at different points along their lengths. Alternatively, the muscle might be comprised of Research Articles Expefientia columns of short, serially arranged fibers, with successive mep bands innervating the fibers of successive levels in the series. This possibility raises the question of whether the mep pattern reflects myofiber number.
Studies of Japanese quail (Coturnix c. japonica) show that each fiber from the pectoralis has only one mep that usually occurs in the fiber's central 20 %. Each cell crosses 3 -4 of the approximate 13 bands along a column of cells and overlaps cells of other levels for about 80 % of its length 18. Our observations of individual myofibers from several other species agree with these findings. Although the presence of numerous bands along a muscle does indicate the wesence of short, serially arranged fibers, the interband interval is only an indirect measure of fiber length. The relationship of mep bands to fiber length and distribution is complicated by the degree of overlap between cells and the number of banding zones crossed by the cells. Further, that relationship may vary among muscles. : Our earlier studies of chickens suggested that the mep patterns of avian and mammalian muscles differ. Most avian muscles are multibanded, regardless of the size of the muscle or of the bird. Hence, we decided to undertake a comparative study of an avian muscle and an exploration of the literature. Our findings reveal not only greater variation among taxa than we had expected, but an unsuspected pattern to that variation. We here present an initial report of the pattern of mep banding in the avian pectoralis and compare those findings with our own experiences with mammalian tissue and reports from the literature.
48 (1992), Birkhfiuser Verlag, CH-4010 Basel/Switzerland 865 cooking chickens purchased at a local supermarket, but such specimens are not included in the present analysis. Because the mep distribution in hummingbird pectoralis is unique ( fig. 1) , and because the y-intercepts of allometric curves for many measures related to metabolism differ between passerines and all other birds 19, species were grouped as Hummingbirds, Passerines, or Non-passerines (except Hummingbirds). We also examined the supracoracoideus and some leg muscles in several species. The supracoracoideus is the antagonist of the pectoralis
Materials and methods
We chose the pectoralis for detailed examination because the number, size and arrangement of leg muscles vary among the taxa of birds, but the pectoralis has a relatively constant configuration. Further, the avian sternum is readily removed with the pectoralis intact, so that the muscle remains attached to a rigid frame that reduces problems of shrinkage or differential contraction. We examined the mep band pattern in the pectoralis muscles from 121 adult specimens of 48 species of birds ranging in size from blackchinned hummingbird (Archilochus alexandri, 2.8 g) and golden-crowned kinglet (Regulus calendual, 6 .0g) to sandhill crane (Grus canadensis, 5500g) and domestic turkey (Meleagris gallopavo, is regressed on the second (X); df = degrees of freedom (N-2); r 2 = the square of the correlation coefficient and is a measure of the percent of the variation in Y that is attributable to variation in X; a and b are from the regression equation Y = a + bX, with a = the value of Y when X = 0 (in arithmetic scales) or when X = 1 (in logarithmic scales) and b = the slope of the regression line; *p < 0.5; **p < 0.01. 
Specimens Species

Results
In the pectoralis of
fig. 2).
We also examined the relationship between column length and the number of bands in the column by arranging the samples according to increasing column length, then dividing each sample into Small, Medium and Large subsets. If the sample was not evenly divisable by three, Hummingbirds differ from all of these. The relatively huge pectoralis of these tiny birds has three, closely spaced bands of meps forming a loop around its margins. The loop, thus, crosses each column of cells twice, once proximally, once distally. Some meps lie within the area enclosed by the loop, but none falls outside. Hence, the number of mep bands along any column ranges from 6 to 8. Because of this unique arrangement, Hummingbirds cannot be compared with other birds and are excluded from our graphs. With the possible exception of the gastrocnemius and other distal leg muscles, most avian muscles, whether strap or pinnate, have many mep bands. Even the tiny (< 6 mm) sartorius of a hummingbird's leg (used only for perching), has 5-6bands. The relatively short columns of the bipinnate supracoracoideus are distinctly multibanded in all species. The ambiens, a muscle of the inner thigh, is odd in that it has two bands, one proximal on its medial surface, the other distal and on the lateral surface. The peroneus longus of the lower leg is reported to be single banded and to have myofibers that extend its length 21
Discussion
The distribution of meps in the avian pectoralis reflects much of what can be said about meps in avian muscles in general. The muscle is strongly multibanded, even in small species. Further, the effect of size is remarkably small, being essentially absent among passerine species and eliciting only a slight increase in the numbers of mep bands among all species with column lengths less than 65 mm (a sample including birds with body weights of 6-1300 g). Passerine species are distributed over a much smaller size range (6.3-103 g, 14-39 mm column length) than are Non-passerines (60-14990g, 26-189mm). Therefore, the range for Passerines may be too small to show any size effect. A more important factor is that, although only the three smallest Non-passerine species fall into the size range of the Passerines, 9 bands (10 intervals) is the minimum for both groups. Thus, small size is not associated with fewer cells or neuronal branches, but larger birds may have more of both. Evidently the system requires a minimum number of myofibers (or axonal branches), these increase in length with species size up to some maximum, whereupon additional bands are added. Column length is the product of the number of intervals times interval length. Hence, if the number of intervals along the columns of a sample is a constant, then interval lengths for that sample will correlate absolutely with the column lengths. Similarly, if the number of bands varies regularly with column length, then the interval length will vary just as regularly, and if there is no regular relationship between interval number and column length, there can be no regular relationship between interval and column lengths. In both Passerines and Non-passerines, interval dimensions vary rather closely with column length, but the variation in interval numbers in Passerines is not related to size (table 1) , This suggests that the number of bands in Passerines does not vary randomly, but around some constant, and this relationship is evident in figure 2A .
The maximum interval need not be tightly correlated with column length. Not only might it be determined by some factor other than column length, but if there is an upper limit to fiber length, then there should be a maximum interval length. Correlation of interval length to column length should then diminish with the addition of larger specimens. Our sample does not show this happening. Indeed, the regression of maximum interval length on column length is stronger for Non-passerines. The relationships among column length, fiber size, and interband interval in avian muscle appear to be ordered, but not simple. Disparate statements in the mammalian literature concerning myofiber lengths reflect the fact that the roam- Research Articles myofibers occur in most muscles, myofibers are less than 5 cm long, and interband intervals are conveniently measured in millimeters; 2) most mammals, in which the serial arrangement depends in part on adult muscle length, myofibers are less then 5 crn, and interband intervals are measured in centimeters; and 3) primates, in which serially-fibered muscles are exceptional with most muscles having one central mep band, myofibers even in multibanded muscles may be 18 cm long, and interband intervals in multibanded muscles range to several centimeters. It is important to re-evaluate what parameters may be meaningfully compared among these groups.
